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In recent years a number of different types of germination of aerobic spores have been described. These include "physiological germination" in response to various nutrients, "mechanical germination" in response to various mechanical treatments (Rode and Foster, 1960a) , and "chemical germination" in response to surface-active (Rode and Foster, 1960b) or chelating agents (Brown, 1957) . Riemann and Ordal (1961) observed that calcium and dipicolinic acid (DPA) in equimolar concentrations will induce germination. This phenomenon could be viewed as another example of "chemical germination," wvhich was shown by Rode and Foster (1961) not to require endogenous metabolism. Since CaDPA is released during "physiological germination," however, the ability of these substances added exogenously to stimulate germination poses the question 1 Present address: Israeli Institute for Biological Research, Ness-Ziona, Israel. whether externally added and endogenously released CaDPA have a similar role in germination.
This paper is a further characterization of the CaDPA-induced germination. In particular, an attempt was made to determine if this phenomenon is a metabolism-mediated process.
MATERIALS AND METHODS
Preparation of spore suspensions. Spores of Bacillus cereus strain T were obtained as previously described (Church, Halvorson, and Halvorson, 1954) . The preparations used in the present experiments were lyophilized and stored at -20 C for 17 to 18 months. Unless indicated otherwise, a spore suspension (1 mg/ml) in water was heat shocked at 65 C for 1 hr, centrifuged, and resuspended in 0.02 M tris(hydroxymethyl) aminomethane (tris) buffer (pH 8) containing 0.4% gelatin (Difco Laboratories, Detroit, Mich.).
The gelatin was found necessary to prevent precipitation during CaDPA-induced germination. Gelatin is not a germinating agent itself, nor does it have any influence on the rate of CaDPA-induced or L-alanine-induced germination.
Germination conditions and measurement. To 2 ml of spore suspension, 0.6 ml of 0.4 M CaCl2 solution was added. Germination was initiated by the addition of 1 ml of 0.2 M DPA at 20 C. The final volume was 5 ml. Germination was followed either by microscopic examination of stained spores in a phase contrast microscope (Keynan, Murrell, and Halvorson, in press) or by measuring the decrease in optical density at 625 m,u. In most cases, the kinetics were followed continuously with a DK-2 Beckman recording spectrophotometer. Germination rates were calculated according to the method of Woese, Morowitz, and Hutchison (1958) .
Measurement of calcium excretion. Radioactive spores were prepared by sporulation in G medium (Church et al., 1954) Kinetics of germination. The kinetics of L-alanine-induced and CaDPA-induced germination differ significantly (Fig. 1 ). An 8 to 10 min lag and a slower germination rate are typical for CaDPA-induced germination. In L-alanine-induced germination, the lag period is only 1 to 2 min, followed by a germination rate about five times faster than obtained with CaDPA.
The effect of prior heat-shock treatment on the rate of germination also depends on the germination agent employed. L-Alanine-induced (O'Connor and Halvorson, 1961) and L-Cysteineinduced (Krask, 1961) germination are heatshock dependent. On the other hand, the rate of germination induced by CaDPA is unaffected by heat shock (Keynan, Murrell, and Halvorson, 1962) .
The temperature dependence of CaDPAinduced germination was measured both on the lag period and on the rate of germination. The latter was found to be relatively temperature independent, and was, as shown by Riemann and Ordal (1961) , inhibited by temperatures at which L-alanine-induced germination is optimal. When the temperature was lowered, the germination lag in response to CaDPA was greatly extended (Fig. 2) . The insert is an Arrhenius plot of this same data. Between 8 to 20 C a linear relationship, characteristic of an enzymatic reaction, is observed. The AH calculated from this data, 14,500 cal/mole, is very similar to the AH of the dependence of the rate of L-alanineinduced germination on temperature, 17,000 cal/mole (O'Connor and Halvorson, 1961) . These results suggest that the metabolic reaction(s) responsible for induction of germination in response to CaDPA occurs during the lag period.
Analysis of the metabolic properties of the lag period. One explanation for the lag period during CaDPA-induced germination is that this period is required for enzymatic reactions involved in the breaking of dormancy. Such reactions may be part of an activation stage common to many dormant systems, and are characterized by increased metabolic activity and decreased dependence on exogenous germinating stimulants. Glucose oxidation is a sensitive measure of metabolic activity in spores. In preliminary experiments it was observed that during germination glucose oxidation could be quantitatively measured by the reduction of tetrazolium salts. As shown in Fig. 2 , CaDPA germination can be stopped by raising the temperature to 37 C, thus permitting the removal of samples for examination of their metabolic activity. When samples were removed during the lag period and subsequently exposed to glucose and tetrazolium salts, there was no detectable reduction of tetrazolium.
The kinetics of germination were also used to determine whether an activation stage occurred during the lag period. Spores were removed during the lag period at 20 C, transferred to 37 C, and held at this temperature for 1 hr. When the spores were returned to 20 C, which is optimal for CaDPA-induced germination, a normal germination lag characteristic of the lower temperature was observed. There was no evidence of a shortened lag period as a consequence of the initial CaDPA exposure at 20 C.
To 3 . Kinetics of Ca45 release during CaDPAinduced germination. The optical density of the spore suspension was 0.65 and the radioactivity was 4,800 count/min. Germination was induced by the addition of 0.04 M CaDPA. Samples were withdrawn every S min, and the radioactivity of filtrates assayed as described in Materials and Methods. The fall in optical density is included to show the time when germination started.
exposed to CaDPA and the kinetics of germination followed. At intervals, samples were removed, filtered by Millipore filters, and the release of Ca45 measured by the appearance of radioactivity in the filtrate. The results of a typical experiment (Fig. 3) (Fig. 4) , Ca++ release occurs prior to the loss in refractility.
DISCUSSION
The results presented here support the hypothesis that in CaDPA-induced germination the lag period is associated with a metabolic reaction involved in the loss of heat resistance.
Since a metabolic breaking of dormancy has also been shown to exist in L-alanine-induced germination (O'Connor and Halvorson, 1961) (Powell and Strange, 1953; Riemann and Ordal, 1961) . The initial distinction between these two physiological routes of germination is also illustrated with studies on spores containing very little DPA (Keynan et al., in press ). These spores germinate normally in the presence of CaDPA, but have a very poor response to L-alanine unless exogenous DPA is added. DPA alone will not initiate germination. The DPA stimulation of L-alanine-induced germination is sensitive to D-alanine, indicating that it is acting via the L-alanine dehydrogenase. Figure 5 shows a diagrammatic description of the interrelstionships between the germination dathways. DPA has been shown to stimulate the reduced diphosphopyridine nucleotide oxidase activity (Halvorson, Doi, and Church, 1958) ; L-alanine triggering is thus dependent on this reaction. L-Alanine triggering also releases internally bound DPA from spores (Powell and Strange, 1953) . Therefore, a type of "feedback" stimulation of germination can be envisaged. One might assume that exogenous CaDPA activates the release of endogenous L-alanine. That this is unlikely was seen by the fact that CaDPAinduced germination is unaffected by stereospecific inhibitors of L-alanine-induced and L-eysteine-induced germination.
The present studies lead to the conclusion that added CaDPA acts in the same way as endogenously released CaDPA. DPA itself appears to have at least two functions: it drives the L-alanine dehydrogenase reaction, and it induces a "metabolically dependent" germination, independent of the L-alanine trigger mechanism. [VOL. 83
